Three trials were conducted on a total of 5100 broiler chicks (0-5.5 weeks) to study the effects of different microbial phytase (Aspergillus niger) supplementations (250-1000 phytase units = PU/g) on the performance and bone mineralization of birds and on the utilization of phosphorus compared with the effects of mineral P additions as dicalcium phosphate. The basal diets (negative controls) were principally composed of soya bean meal (SBM) and grain (wheat, barley, oats) supplemented with up to 0.10% mineral P; the positive control diets were supplemented with 0.24-0.30% mineral P.
Introduction
Poultry diets principally consist of feeds of plant origin. Significant amount (50-80%) of the phosphorus in plant seeds is bound to phytic acid, and the availability for monogastrics such as poultry is low. An availability value of 30% is assigned for phosphorus in plant materials in common use.
The earliest studies on the effects of supplemental microbial phytase in chickens were those of Nelson et al. (1968b Nelson et al. ( , 1971 . These authors concluded that the addition of phytase produced by moulds (Aspergillus ficuum) to the diet of chicks hydrolysed phytate phosphorus in the gastrointestinal tract, enabling the chicks to utilize the liberated phosphorus as well as supplementa-ry inorganic phosphorus. In recent years, wide interest has been shown in producing the available microbial phytases in order to lower the supplemental mineral phosphorus and phosphorus content in manure. The addition of microbial phytase (A. ficuum and A. niger) to the diets of poultry, those of growing poultry in particular, has also been studied in greater detail. The addition of phytase to low phosphorus (0.4-0.5% total P) diets of chickens and broilers has markedly increased feed intake and growth rate (Kiiskinen and Piironen 1990 , Simons et al. 1990 , Swick and Ivey 1990 , Saylor et al. 1991 , Schöner et al. 1991 , Broz et al. 1992 1992, Vogt 1992 a, b, Farrell et al. 1993 , Schö-ner et al. 1993 . At the same time, phytase supplementations have also significantly enhanced bone mineralization measured as bone ash content or improved phosphorus utilization.
Most of the research on phytase additions has been done by studying corn-soya bean meal (SBM) diets. Here we set out to establish what level of supplemental microbial phytase (A. niger) is sufficient in diets containing wheat, barley, oats, SBM and different additions of mineral phosphorus. Material and methods
Animals and housing
Three trials were conducted on 5100 Ross broiler chicks which were sexed and allotted to treatments when one day old. In Trials I and 2 the birds were housed in floor pens and in Trial 3 in a 3-tier battery. Housing conditions (temperature, lighting) were as described by Kiiskinen (1983) . Peat was used as litter and the experiments lasted for 37, 37 and 35 days, respectively. Feed and water were supplied ad libitum.
Experimental design and diets
Trial I comprised eight groups with four replicate pens (6 m 2), each holding 60 birds (30 males, 30 females). The basal composition of the SBM-grain diets (Table 1) was similar for all groups excluding supplementations, which were as follows: Microbial phytase was produced by Alko Biotechnology (Rajamäki, Finland). One PU (phytase unit) is the amount of enzyme that liberates one nmol of inorganic P from sodium phytate per minute at pH 5 and 37°C. The added mineral P was derived from dicalcium phosphate in all trials.
The calculated contents of Ca and P were 0.96-0.97% and 0.45-0.71%, respectively ( Table 2) . The lowest dietary level of available phosphorus (NRC 1984 , Salo et al. 1990 ). The diets in this trial and the other two were cold (about 50°C) pelleted without hot steam. Trial 2 was conducted on six groups with eight replicates (62 birds) each. The pens were smaller (4 m 2) than those in Trial 1, and half of them contained males and half females. The chicks were first fed a starter diet (0-2.5 weeks) and then a grower diet (2.5-5.5 weeks) ( The calculated mineral contents in the starters were 0.97-0.99% for Ca, 0.45-0.69% for P and 0.17-0.41% for AP (Table 2 ). The corresponding levels in the growers were 0.80-0.81%, 0.37-0.61% and 0.11-0.35%, respectively.
The main purpose of Trial 3 was to determine the retention of P with basal diets similar to those used in Trials 1-2. Six replicate cages with four birds in each were allotted for each diet. The supplementations were as follows: The Ca and P contents are listed in Table 2 .
The calculated Ca levels were 0.88-0.92%, the total P levels 0.42-0.69% and the AP levels 0.16-0.43%.
Measurements, chemical analyses and statistics
In Trials 1-2 the birds were weighed pen by pen when one day old. At days 16 and 37, the birds were weighed either individually (Trial 1) or pen by pen (Trial 2). The birds in Trial 3 were weighed individually when one day and 35 days old. Feed intake per replicate (pen, cage) was measured between the weighings. The chickens were starved for 12 hours before slaughter. Dead birds were recorded and weighed. In the slaughter house, 16 carcasses were taken from each group. Both tibias were removed and cleaned before being measured for length and weight (Trial 3) and analysed for ash and phosphorus (Trial 1) contents.
In Trial 3, the retention of P and Ca was determined when the chicks were four weeks old. Weighed amounts of diets were supplied daily, and all excreta were collected over three days. The excreta were weighed, oven-dried at 60°C and ground before analysis.
Proximate feed Ca and P analyses were performed for the experimental diets. Calcium and P were also analysed in cereals. Calcium was analysed with an atomic absorption spectrophotometer and P with a photometer after a colour reaction with ammonium vanadate. The same method was used to determine the P concentration in tibia ash. The cleaned tibias were ashed at 600°C 16 hours after crushing and ether extraction.
The phytic acid content and phytase activity in cereals were determined in Alko's laboratory. Phytic acid (inositol hexaphosphate) was separated after HCI extraction by ion exchange and analysed by ion pair C reverse phase HPLC (Sandberg and Ahderinne 1986) . Phytase activity was determined from the colour formed by the reduction of a phosphomolybdate complex (Chen et al. 1956) . A phytase unit (PU) is the amount of enzyme which liberates, under standard conditions, 1 nmol of inorganic phosphate from sodium phytate in one minute.
Analysis of variance was used for the statistical inference. The basic idea of analysis of variance is to divide the total variation in the response variable into portions associated with certain factors defined by the scheme used for classifying the data. Here, these factors or sources of variation were primarily the treatments and the sex of the birds. The experimental unit for the treatments in all the trials was a pen or a cage, and in Trial 2, in particular, the experimental unit for a treatment and sex combination was a pen.
In Trials 1 and 3, the birds were weighed individually, and the males and females were not separated into different pens; the experimental unit for the sex of the bird was a bird. Some of the birds died before the experiments were finished, and from the beginning of the trials there were uneven numbers of males and females in some of the pens or cages. This resulted in unbalanced experiments. In such situations, residual maximum likelihood (REML) estimates were used as suggested by Milliken and Johnson (1984) instead of the usual moment estimates. The SAS MIXED-procedure (SAS 1992) was used for analysing the unbalanced data and the SAS GLM procedure (SAS 1990) for the balanced data.
The main interest in terms of statistical inference lay in the contrast analysis. In Trial 1, orthogonal polynomials were used to investigate the trends over levels of phytase when the level of mineral P was 0.05%. Linear, quadratic, cubic and even quartic trends were tested. In Trial 2, the main interest was in comparing the two levels of phytase, namely 0 and 500 PU/g and to compare the two levels of mineral P combinations, namely 0.05%/0% and 0.10%/0.05% (in starter/in grower). The phytase x phosphorus interaction was also tested. In Trial 3, two trends were of interest. In groups where the mineral P concentration was 0.05% the linear and quadratic trends over phytase levels were tested; when phytase was 0 PU/g the linear and quadratic trends over the levels of mineral P were tested.
Results and discussion
The analysed total P contents of the diets (0.44-0.79%), which were higher than the calculated ones (Table 2) were derived from the P contents Table 3 ) of the cereals which were higher than the content (0.35%) used in the calculations (Salo et al. 1990 ). The cereals in the diets of Trial 1 contained 0.49-O. phytic acid, which amounts to 0.14-0.17% phytate P (Table 3) . Phytate P accounted for 37-39% of the total P of grain, which is lower than the 56-73% presented by Nelson et al. (1968 a) and Lantzsch (1990) . Soya bean meal (Trial 1) contained 0.91% phytic acid and 0.26% phytate P, or 39% of total P. This figure too is lower than the 56-61% given by the above authors.
Phytase activity in grain was highest in wheat and lowest in oats (Table 3 ). The order of the cereals is consistent with the findings of Moll- GAARD et al. (1946) . From the proportions of cereals in the basal diets of Trials I and 2, the natural phytase activities of the diets should have been 280 and 205-230 PU/g, respectively. According to the phytase activity determined in the diets of Trial 2 (750-1200 PU/g depending on the supplementation), the intrinsic activity of phytase in the diets was 200-250 PU/g. In all trials, chicks fed the phytase supplemented diets gained more weight than those fed the diets with no or very low (0.05%) additional phosphorus . Compared with the negative control groups fed a supplementary level of 0.05% mineral P throughout the growing period or in the starter diet only the phytase additions increased final body weight by 4-7% (Tables 4 and 5 ). Orthogonal polynomial comparison showed a linear effect of phytase additions on live weight at 16 (P < 0.001) and 37 days (P <0.01) in Trial 1. Also in Trial 2, phytase significantly (P < 0.05) increased final body weight, and its effect on the 16-day weight approached significance (P < 0.07). It would seem that positive growth responses might be obtained with phytase supplementations of up to 1000 PU/g. The same growth rate was found by adding 0.10% or 0.13% inorganic Pand 500 PU/g phytase (Tables 4 and 5 ). A significant (P < 0.05) difference between the P supplementations of 0.05% and 0.10% was noted in Trial 2. The phytase x phosphorus interaction was not found in that trial. The treatment x sex interaction in growth rate was not found in Trials 1 and 2. Certain combinations of supplemental phytase and mineral P gave similar and even higher final body weights than the supplemental mineral P levels of 0.24-0.30% in the positive control diets. Most previous studies with phytase have been done using corn-based diets in which the activity of natural phytase is relatively low. Therefore, when added to corn-based low-phosphorus diets (0.35-0.55% total P), phytase supplementations have produced weight gains in broilers (4-6 weeks) up to 15-47% higher than those obtained . 1993) . When wheat has been included in the diets, the growth responses have been comparable to the results of our study (Zyla et al. 1989 , Schöner and Hoppe 1992 . Broz et al. 1992 ).
The faster growth of the birds fed the phytase supplemented diets or the positive control diets was largely due to their feed intake being higher than that of the negative controls . In Trial 1, the daily feed intake increased linearly (P < 0.001) as a result of phytase addition. The same happened in Trial 2 owing to phytase addi- tion (500 PU/g, P < 0.05) and the higher dietary P level (P < 0.01). In the supplemented groups of Trial 1, the feed conversion ratio (FCR) was slightly, but not significantly, higher than that of the negative control group (Table 4) . In contrast, in Trial 2 the FCR of the supplemented groups, excluding the positive control, was lower than that of the negative control group (Table 5) . Both phytase addition (500 PU/g) and the elevated P level significantly (P < 0.05) decreased the FCR, mainly, however, during the growing period (17-37 days). Also in Trial 3, the FCR was decreased as a result of the supplementations; significant differences were not, however, found (Table 6 ).
In previous studies with broiler chicks, feed intake rose markedly due to phytase supplementation but the FCR was not significantly affected (Zyla et al. 1989 , Simons et al. 1990 , Broz et al. 1992 , Schöner and Hoppe 1992 , Vogt 1992 a, b).
In Trial 1, supplemental phytase increased tibia length linearly (P < 0.05) and the phosphorus content of tibia ash quadratically (P < 0.001, Table 4 ). Tibia ash values ranging from 54.8% to 55.7% were not affected by phytase addition. In Trial 2, no differences in tibia length were found but differences in tibia ash between the negative control and the supplemented groups were clearer than in Trial 1, and the extreme values (negative and positive controls) differed significantly (P < 0.001, Table 5 ). The different responses to the supplementations in Trials 1 and 2 could have been due to the average lower available P content and lower natural phytase activity of the basal diet of Trial 2. The increase in mineral P from 0.05% to 0.10% increased the tibia ash content (P < 0.05). Adding phytase or inorganic P or both to the basal diet with no mineral P supplementation promoted bone mineralization whether expressed as tibia weight, tibia length or tibia ash (Table 6 , Trial 3). The tibia ash content was 51.0% for the non-supplemented group and 55.1-56.8% for the supplemented groups. According to reports where the basal diet has contained 0.5% or less total phosphorus, phytase supplementations have increased the tibia ash content by 3-6 percentage units (Kiiskinen and Puronen 1990 , Broz et al. 1992 , Vogt 1992 a, b, Parrel et al. 1993 ). In the comparison with orthogonal contrasts, adding phytase to the diet with 0.05% mineral P increased tibia ash content linearly (P < 0.05); the effect on tibia weight was nearly significant (P = 0.06). In contrast, mineral P additions of up to 0.10% in the basal diet with no phytase addition increased all tibia values linearly (P < 0.001) and tibia length (P < 0.01) and tibia ash (P < 0.001) quadratically.
Supplementations of the basal diet in Trial 3 resulted in a significant (P < 0.05) increase in P and Ca retention due to increased feed intake and mineral supply (Table 6 ). The utilization of P (percentage retention of intake) increased by approximately 9 percentage units (50.9%/60.0%), when the basal diet was supplemented with phytase (1000 PU/g). Similar P utilization values of 50-60% and improvements of 5-15 percentage units due to phytase supplementation have been reported in broiler chicks fed low phosphorus (0.35-0.5%) diets (Simons et al. 1990 , Schö-ner and Hoppe 1992 , Schöner et al. 1993 , Farrell et al. 1993 ). When 0.05% mineral P was added to the basal diet, utilization of P did not change but additions of 0.10% and 0.30% mineral P reduced it to 42.3% and 33.9%, respectively. Phytase supplementation did not affect retention or utilization of P when 0.05% or 0.10% mineral P was added to the diet. Phytase reduced the faecal P content from 7.7 g/kg DM to 6.7 g/kg DM when added to the basal diet with no mineral P but did not have an effect in the diet with 0.05% mineral P. Supplementation of mineral P increased faecal P excretion linearly (P < 0.001) from 2.3 g to 3.5, 4.7 and 7.2 g and faecal P content from 7.7 g/kg DM to 8.5, 10.5 and 16.5 g/kg DM (P < 0.001), respectively. When inorganic P (0.05 and 0.10%) was added to the diet, phytase did not affect faecal P or Ca excretion significantly. Compared with the positive control diet, savings in P excretion with the other supplemented diets were 35-64%. According to Huyghebaert and De Groote (1992) , P excretion can be reduced by 30-50% by supplementing the diet with microbial phytase. Phytase supplementation (1000 PU/g) in the basal diet increased the utilization of Ca by 4.8 percentage units but the difference was not significant. This obervation is supported by certain other authors (Simons et al. 1990 , Schöner et al. 1991 , who found that supplemental phytase markedly increased the utilization of Ca in low-calcium (0.6%) diets. Addition of phytase to the diets with supplementation of 0.3% or 0.6% dicalcium phosphate did not affect the utilization of Ca.
In addition to the intrinsic phytase activity derived from cereals, the results of this study were obviously affected by the calcium level and Ca:P ratio of the diets. High dietary levels of Ca and high Ca:P ratios cause a reduction in both feed consumption and body weight gains (Vandepopuliere et al. 1961 , Waldroup et al. 1964 , Nelson et al. 1965 , Edwards 1982 , Schöner et al. 1993 ). An increased Ca content has been found to reduce the activity of phytase (McCuaig et al. 1972 ) and the retention of P from phytales (Edwards 1982 , Schöner et al. 1993 ). In the diets used here the Ca content was 0.8-1.0% and the P content of the basal diets (0-0.1% mineral P) was 0.44-0.60% (Ca:P 1.7-1.8). It is very probable that a lower Ca level of 0.6-0.7% would have given a better response to phytase addition. Schöner et al. (1993) found that increasing the dietary Ca level from 0.6% to 0.9% in low-phosphorus diets had negative effects on the utilization of phosphorus.
Considering the results obtained here and the findings of earlier studies, we conclude that the weight gain of birds and P utilization and bone mineralization can all be improved by adding phytase to broiler diets composed of feed of plant origin and based on wheat, barley and oats. In this way, mineral P supplementation and P waste in manure can be reduced.
